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Maria Grumbt1, Michel Monod2, Tsuyoshi Yamada3, Christian Hertweck4,5, Jiri Kunert6 and Peter Staib1,7
Millions of people suffer from superficial infections caused by dermatophytes. Intriguingly, these filamentous
fungi exclusively infect keratin-rich host structures such as hair, nails, and skin. Keratin is a hard, compact protein,
and its utilization by dermatophytes for growth has long been discussed as a major virulence attribute. Here,
we provide strong support for the hypothesis that keratin degradation is facilitated by the secretion of the
reducing agent sulfite, which can cleave keratin-stabilizing cystine bonds. We discovered that sulfite is produced
by dermatophytes from environmental cysteine, which at elevated concentrations is toxic for microbes and
humans. We found that sulfite formation from cysteine relies on the key enzyme cysteine dioxygenase Cdo1.
Sulfite secretion is supported by the sulfite efflux pump Ssu1. Targeted mutagenesis proved that dermatophyte
mutants in either Cdo1 or Ssu1 were highly growth-sensitive to cysteine, and mutants in Ssu1 were specifically
sensitive to sulfite. Most notably, dermatophyte mutants in Cdo1 and Ssu1 were specifically growth-defective on
hair and nails. As keratin is rich in cysteine, our identified mechanism of cysteine conversion and sulfite efflux
supports both cysteine and sulfite tolerance per se and progression of keratin degradation. These in vitro findings
have implications for dermatophyte infection pathogenesis.
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INTRODUCTION
Dermatophytes are responsible for millions of superficial
mycoses per year, including common diseases such as
athlete’s foot, ringworm, and nail infections (Achterman and
White, 2012). The pathomechanisms of these filamentous
fungi have remained largely elusive (Vermout et al., 2008;
Baldo et al., 2010), probably owing to the fact that they have
hardly been studied at the molecular level (Grumbt et al.,
2011b). Yet, it is widely accepted that the virulence of
dermatophytes is linked to their extraordinary ability to use
hard, compact keratin for growth, a major constituent of skin
stratum corneum, hair, and nails (Weitzman and Summerbell,
1995). Experimentally, dermatophyte growth on keratin is
strongly correlated with the expression of multiple secreted
proteases, so-called keratinases (Monod, 2008). Nevertheless,
proteases alone are usually unable to degrade keratin,
which is extremely stable owing to the high abundance
of cystine disulfide bonds. Although a native endoprotease
of Microsporum canis was shown to degrade keratin azure
even in the absence of a reducing agent (Mignon et al., 1998),
lysis of keratin by Trichophyton rubrum- and Arthroderma
benhamiae-secreted proteases has to be accompanied by the
reduction/cleavage of cystine (Jousson et al., 2004). Since
1972, sulfite has been hypothesized by Kunert (1972) as such
a candidate reducing agent, because the molecule is secreted
by dermatophytes during the growth on keratin. He showed
that in the presence of sulfite, disulfide bonds of the keratin
substrate are directly cleaved to cysteine and S-sulfocysteine.
In humans, sulfite was found to be generated as an
intermediate by oxidative cysteine catabolism via the key
enzyme cysteine dioxygenase Cdo1 (Stipanuk et al., 2006).
Sulfite excretion by microbes was first discovered in Baker’s
yeast and found to be mediated by a sulfite efflux pump, Ssu1
(Park and Bakalinsky, 2000). Both Cdo1 and Ssu1 have
recently been identified in dermatophytes as well, and a
putative contribution of these factors to keratin degradation
was discussed (Le´chenne et al., 2007; Kasperova et al., 2011).
In comparison with many other pathogenic fungi, derma-
tophytes are less amenable to genetic manipulation; however,
efficient targeted gene knockout has been demonstrated
recently (Yamada et al., 2008, 2009; Grumbt et al., 2011a).
Genetic research has further been advanced by the release of
full genome sequences for seven dermatophyte species,
including A. benhamiae (Burmester et al., 2011; Martinez
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et al., 2012). A. benhamiae, a species that belongs to the
Trichophyton mentagrophytes complex (Symoens et al., 2011,
2012), has become a suitable model for the study of
dermatophyte pathogenicity and allows targeted gene
deletion and reconstitution (Fumeaux et al., 2004; Staib
et al., 2010; Grumbt et al., 2011a).
Major aim of the present study was to address a functional
role of A. benhamiae Cdo1 and Ssu1 for the growth of
dermatophytes on keratin. By the construction and phenotypic
analysis of Dcdo1 and Dssu1 knockout mutants, we unveiled
that these factors mediate the growth of dermatophytes on hair
and nails. We further revealed that the amino-acid cysteine,
which is abundant in keratin, serves as a substrate for sulfite
formation, and that this process involves Cdo1 and Ssu1.
As elevated levels of cysteine are known to be toxic for
prokaryotes and eukaryotes, including fungi and humans
(Ko¨nigsbauer, 1951; Allen and Hussey, 1971; Kari et al.,
1971; Wain et al., 1975; Carlsson et al., 1979; Stipanuk et al.,
2006; Galgoczy et al., 2009), we also investigated a potential
role of Cdo1 and Ssu1 in cysteine tolerance. Results of growth
experiments showed that Dcdo1 and Dssu1 mutants were
hypersensitive to cysteine, suggesting a to our knowledge
previously unreported mechanism of cysteine detoxification.
Our findings on keratin degradation and cysteine tolerance
represent a step in unraveling the virulence attributes of
dermatophytes.
RESULTS AND DISCUSSION
A. benhamiae produces sulfite in the supernatant during growth
on cysteine
Dermatophytes, including the anthropophilic species
T. rubrum, the zoophilic A. benhamiae, and the geophilic
Microsporum gypseum, were found to produce sulfite during
the in vitro growth on keratin (Kunert, 1972, 1975; Le´chenne
et al., 2007), putatively pointing to a general attribute of
dermatophytes. Keratin is rich in L-cysteine, an amino acid that
at high concentration is catabolized in humans to sulfite as an
intermediate. In case that cysteine is converted to sulfite in
A. benhamiae as well, the secretion of sulfite seemed possible,
given the knowledge that dermatophytes possess the putative
sulfite efflux pump Ssu1 (Le´chenne et al., 2007). In order to
test whether L-cysteine acts as a substrate for sulfite formation
and secretion by A. benhamiae, the fungal cells were grown
in the absence and presence of elevated cysteine levels. By
analysis of the culture supernatants, we found that specifically
the presence of L-cysteine resulted in the formation of sulfite
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Figure 1. Growth of A. benhamiae in the presence of L-cysteine results in sulfite formation. (a) Sulfite (as SO2) was measured in supernatants of the wild-type (wt)
grown for 24 h at 30 1C in Aspergillus minimal medium without (control) and with 10 mM L-cysteine (L-Cys), 10 mM L-cysteine sulfinic acid (L-CSA), or 10 mM
D-cysteine (D-Cys), and in supernatants of the Dcdo1 mutant without (control) and with 10 mM L-cysteine sulfinic acid. Uninoculated media incubated for 24 h at
30 1C were used as controls (co). The results are the means ±SD from six independent experiments. Differences were analyzed by the two-tailed unpaired
Student’s t-test. P-values are indicated. (b) Growth of A. benhamiae wt, mutants Dcdo1 and Dssu1, complemented strains Dcdo1þCDO1 and Dssu1þ SSU1, and
the Dssu1 Dcdo1 double mutant on potato dextrose agar (upper panel) or potato dextrose agar with 1.0 mM sodium sulfite (lower panel). For each deletion
and complementation, two independently constructed strains were tested and only one of them is shown. Bar¼ 3 mm.
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during fungal growth (Figure 1a). Sulfite formation was also
detected when the fungus was confronted with the related
derivative L-cysteine sulfinic acid, but not in response to
D-cysteine (Figure 1a).
A pathway via Cdo1 and Ssu1 mediates cysteine tolerance in
dermatophytes
Given our finding that sulfite can be produced by
A. benhamiae from environmental cysteine, we next investi-
gated whether this process supports the tolerance of the fungus
to cysteine. In humans, toxic cysteine levels are eliminated via
a pathway governed by the key enzyme cysteine dioxygenase
Cdo1 (Stipanuk et al., 2006). Although sulfite is further
oxidized in humans to non-toxic sulfate, in dermatophytes
sulfite secretion by the putative sulfite efflux pump Ssu1
represents an alternative means to eliminate this toxic
molecule (Le´chenne et al., 2007). Based on this knowledge,
we set out to test the possibility whether Cdo1 and Ssu1
support cysteine tolerance in dermatophytes. For this purpose,
we constructed specific Dcdo1 and Dssu1 null mutants and
reconstituted transformants in our sequenced A. benhamiae
wild-type (wt) strain (Burmester et al., 2011). Transformation
and gene targeting in A. benhamiae was achieved by
application of a recently established strategy (Supplementary
Figure S1 online) (Grumbt et al., 2011a). The growth of the
Dcdo1 and Dssu1 knockout mutants and reconstituted strains
was monitored in the presence of elevated cysteine
concentrations. We found that both Dcdo1 and Dssu1
mutants were specifically hypersensitive to L-cysteine, which
implies a mechanism of cysteine detoxification (Figure 2). We
further showed that the growth of Dcdo1 mutants is unaffected
in the presence of L-cysteine sulfinic acid, the reaction product
of Cdo1 in the pathway of sulfite formation (Kasperova et al.,
2011). Accordingly, Dcdo1 mutants were still able to produce
sulfite in the supernatant in the presence of L-cysteine sulfinic
acid (Figure 1a). Sulfite formation in response to L-cysteine was
not tested for Dcdo1 and Dssu1 knockout strains, because
these mutants were unable to grow in the presence of L-
cysteine as indicated above (Figure 2). In contrast to Dcdo1
mutants, Dssu1 mutants as well as Dssu1 Dcdo1 double
mutants were hypersensitive to L-cysteine sulfinic acid.
A. benhamiae mutants in SSU1 were also specifically sensitive
to sulfite (Figure 1b), a finding that supports the assumed role
of Ssu1 in sulfite secretion in dermatophytes (Le´chenne et al.,
2007). Similarly, a contribution of Ssu1 to sulfite resistance in
fungi has previously been shown in Saccharomyces cerevisiae
and the pathogenic yeast Candida albicans (Park and
Bakalinsky, 2000; Chiranand et al., 2008). In summary, our
observations on sulfite formation and cysteine and/or sulfite
tolerance of Dcdo1 and Dssu1 mutants suggest that toxic
cysteine is converted by A. benhamiae to toxic sulfite, making
necessary its excretion by Ssu1.
Growth of A. benhamiae on keratin substrates is relying
on Cdo1 and Ssu1
The ability of dermatophytes to use hard keratin as the sole
carbon and nitrogen source for growth represents a funda-
mental virulence attribute of these specialized, keratinophilic
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Figure 2. A. benhamiae Dcdo1 and Dssu1mutants are hypersensitive to L-cysteine. Growth of A. benhamiae wild-type, mutants Dcdo1 and Dssu1, complemented
strains Dcdo1þCDO1 and Dssu1þ SSU1, and the Dssu1 Dcdo1 double mutant on minimal agar in the absence (control) or presence of 50mM L-cysteine, 50mM
L-cysteine sulfinic acid, or 50mM D-cysteine. Addition of L-cysteine to the medium resulted in a complete growth inhibition of both Dcdo1 and Dssu1 mutants,
whereas the addition of L-cysteine sulfinic acid specifically inhibits the growth of the Dssu1 mutant. The presence of D-cysteine has no significant growth inhibitory
effect under the tested conditions. For each deletion and complementation, two independently constructed strains were tested and only one of them is shown.
Bar¼2 mm.
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fungi (Weitzman and Summerbell, 1995). Therefore, the
central aim of the present study was to investigate the
growth phenotype of Dcdo1 and Dssu1 knockout mutants on
keratin substrates. In detail, A. benhamiae wt, mutants and
reconstituted transformants were tested for their ability to grow
on human hair and nails. Notably, A. benhamiae Dcdo1
mutants were unable to grow specifically on both these
substrates (Figure 3). The growth of Dssu1 mutants on hair
was also abolished, and growth of Dssu1 mutants on nails was
strongly impaired (Figure 3). Growth of both mutants was
almost unaffected on nutrient-rich control media. Reconstitu-
tion of the deleted genes by reinsertion of the corresponding
wt alleles at their original locus recovered the growth of the
mutants on keratin substrates. This finding further approved
that the discovered phenotype of the constructed knockout
mutants was related to the targeted genes of interest. To date,
Non-infected Δcdo1 Δssu1
Δcdo1+CDO1 Δssu1+SSU1
Non-infected Δcdo1 Δssu1
Δcdo1+CDO1 Δssu1+SSU1
Wild type
Wild type
Figure 3. Growth of dermatophytes on keratin relies on cysteine dioxygenase Cdo1 and sulfite efflux pump Ssu1. (a) A. benhamiae wild-type, Dcdo1 and Dssu1
mutants, and Dcdo1þCDO1 and Dssu1þ SSU1 complemented strains were grown on human hair for 56 days at 25 1C. Non-infected hair was used for control.
Both Dcdo1 and Dssu1 mutants showed a severe growth defect compared with wild-type and complemented strains. (b) Growth of the same strains on human
nails for 42 days at 25 1C with non-infected nails as control. In contrast to wild-type and complemented strains, the growth of the Dcdo1 mutants was nearly
abolished and growth of the Dssu1 mutants was strongly impaired. For each deletion and complementation in (a) and (b), two independently constructed strains
were tested and only one of them is shown.
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site-specific mutagenesis in dermatophytes has only rarely
been demonstrated, and only in two cases the generated
knockout was reconstituted for control (Grumbt et al., 2011a;
Heddergott et al., 2012).
Conclusion
Our work provides molecular support for the hypothesis on
sulfite secretion by dermatophytes for keratin degradation,
which was formulated four decades ago (Kunert, 1972).
Moreover, the present in vitro findings suggest a mechanism
in dermatophytes, which craftily integrates two fundamental
prerequisites for infection of keratinized host structures: sulfite
formation for keratin degradation and cysteine tolerance (for
illustration, see Figure 4). By the secretion of sulfite, this potent
reducing agent supports the proteolytic action of secreted
fungal keratinases, resulting in the generation of accessible
oligopeptides and amino acids for growth. The released
cysteine can in turn be used as a substrate for sulfite formation,
thereby supporting the progression of keratin degradation.
At the same time, a potential growth inhibiting effect of
increasing cysteine levels is circumvented by the same process
of sulfite formation and efflux. Furthermore, the analysis of
mutants in Cdo1 and Ssu1 directly revealed that this process
acts as a dominant virulence attribute of dermatophytes, at
least for infections of hair and nails. As such infections are
often difficult to cure, our results not only may help to explain
certain aspects of dermatophyte pathogenicity but also point
to a promising target for antifungal therapy.
MATERIALS AND METHODS
Strains, growth conditions, and sulfite detection
The sequenced A. benhamiae wt strain Lau2354-2 (CBS 112371)
(Burmester et al., 2011) and transformant derivatives thereof were
used in this study. Strains were routinely maintained on Sabouraud
dextrose agar (1% peptone, 2% dextrose, and 1.5% agar (all from Carl
Roth, Karlsruhe, Germany)), which in case of deletion mutants or
complemented strains was supplemented with 200mg ml 1
hygromycin B (ForMedium, Hunstanton, UK) or 200mg ml 1 G418
(Carl Roth), respectively. Sensitivity assays with cysteine and
related compounds were done on Aspergillus minimal medium
(http://www.fgsc.net/methods/anidmed.html) agar plates supple-
mented with 50mM L-cysteine, 50mM L-cysteine sulfinic acid, or
50mM D-cysteine (all from Sigma, Taufkirchen, Germany). Plates
were incubated for 4 days at 30 1C. Sulfite resistance was tested on
25 ml potato dextrose agar plates (Carl Roth) on which an appropriate
amount of a Na2SO3 (Sigma) stock solution was plated and allowed
to diffuse into the agar overnight. Plates were inoculated with 3ml of
an A. benhamiae conidial suspension, which was prepared from 5-
day-old MAT agar plates (0.1% peptone, 0.2% dextrose, 0.1%
MgSO4, and 0.1% KH2PO4) and diluted to a concentration of
4 107 conidia per milliliter. Photographs were taken after 2 days
of incubation at 30 1C. Growth on keratin was tested using blond
scalp hair of children (age of 1–2) or human finger nails from a
healthy female adult volunteer. These substrates were autoclaved and
placed on water agar, inoculated with three small plugs (eachB3 3
mm2 in size) of mycelium from 7-day-old Sabouraud plates and
incubated for 56 or 42 days, respectively, at 25 1C. For sulfite
detection, B5 107 A. benhamiae wt conidia were precultured in
50 ml potato dextrose broth (PDB (Carl Roth)) for 24 h at 30 1C. The
germinated conidia were separated from the medium using a 40mm
cell strainer (BD, Franklin Lakes, NJ), washed once in 25 ml
Aspergillus minimal medium, and resuspended in 50 ml Aspergillus
minimal medium supplemented with 10 mM L-cysteine, 10 mM
L-cysteine sulfinic acid, or 10 mM D-cysteine. Cultures were further
incubated for 24 h at 30 1C. Supernatants were collected by filtration
of the cultures through a 40mm cell strainer and used for sulfite
detection with the sulfite detection kit from R-Biopharm (Darmstadt,
Germany) according to the manufacturer’s instructions.
Plasmid and strain construction
Sequence information for the genes encoding the putative sulfite
efflux pump AbenSsu1 and the putative cysteine dioxygenase
AbenCdo1 (locus ARB_05630) was obtained from the Dermatophyte
Comparative Database (http://www.broadinstitute.org/annotation/
genome/dermatophyte_comparative/MultiHome.html). The AbenSSU1
gene was mis-annotated as two distinct neighboring genes:
ARB_03529 and ARB_03530. Comparison with the previously pub-
lished SSU1 sequence (Le´chenne et al., 2007) revealed that
AbenSSU1 is located between positions 116784 (ARB_03530) and
115370 (ARB_03529) on supercontig 35. Plasmids for the deletion of
the AbenSSU1- and AbenCDO1-coding regions were constructed as
previously described (Grumbt et al., 2011a). In brief, upstream and
downstream sequences of the AbenSSU1 gene were amplified with
primers AbenSSU1-1/AbenSSU1-2 and AbenSSU1-3/AbenSSU1-4,
respectively, and successively cloned in plasmid pHPH1 to result in
pAbenSSU1M6 in which the hygromycin resistance marker is flanked
by AbenSSU1 sequences. Accordingly, flanking regions of the
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Figure 4. Proposed model of keratin degradation by dermatophytes. In hard
keratin, peptide chains stick tightly together like bricks in a wall owing to
disulfide bridges (S–S) formed between the highly abundant cysteine residues
in the protein. Proteolytic digestion of keratin is not possible until the brick-like
structure gets weakened by the reduction of disulfide bridges. Sulfite (yellow
circles) excreted through the sulfite efflux pump Ssu1 can act as reducing
agent. The loosened structure of the keratin protein makes peptide bonds more
accessible to digestion by secreted proteases. The cooperate action of proteases
and reducing agent results in the formation of smaller peptides and amino
acids that can be taken up by the cell. Elevated cysteine levels are toxic but can
be metabolized to sulfite via cysteine sulfinic acid mediated by the action of
the cysteine dioxygenase Cdo1. The formed sulfite is excreted again and further
facilitates keratin degradation. Taken together, our findings reveal that sulfite
formation from cysteine supports both keratin degradation and cysteine
detoxification. It is reasonable to postulate that there is enough free cysteine in
keratin to initiate the mechanism of keratin degradation by secretion of sulfite.
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AbenCDO1 gene were amplified with primers AbenCDO1-1/
AbenCDO1-2 and AbenCDO1-3/AbenCDO1-4, and used to create
pAbenCDO1M2. All primers are listed in Supplementary Table S1
online. For the deletion of the AbenCDO1 gene in the Dssu1-mutant
background, the hygromycin resistance cassette from plasmid
pAbenCDO1M2 was replaced by the neomycin resistance cassette
from plasmid pNEO1 resulting in pAbenCDO1M3. Plasmids
pAbenSSU1K2 and pAbenCDO1K2 for the reinsertion of genes
AbenSSU1 and AbenCDO1 into their corresponding mutant back-
ground contain the neomycin resistance marker from pNEO1 flanked
by the upstream plus coding region of AbenSSU1 or AbenCDO1
(amplified with primers AbenSSU1-1/AbenSSU1-5 and AbenCDO1-1/
AbenCDO1-7, respectively) together with a C. albicans actin termina-
tion sequence fragment and the AbenSSU1 or AbenCDO1 down-
stream region (amplified with primers AbenSSU1-3/AbenSSU1-4 and
AbenCDO1-3/AbenCDO1-4, respectively). A. benhamiae transforma-
tions and subsequent Southern analyses (Supplementary Figure S1
online) were carried out as previously described (Grumbt et al.,
2011a) with the gel-purified, linear ApaI-XbaI fragments from the
following plasmids: pAbenSSU1M6 and pAbenCDO1M2 were used
for the deletion of the SSU1 and the CDO1 gene in the A. benhamiae
wt strain Lau2354-2 resulting in strains AbenSSU1M2B/D
(Dssu1::Pgpd-hph-TtrpC) and AbenCDO1M1B/C (Dcdo1::Pgpd-hph-
TtrpC); plasmid pAbenCDO1M3 was used for the deletion
of the CDO1 gene in AbenSSU1M2B/D creating double
mutants AbenSSU1CDO1M1A/B (Dssu1::Pgpd-hph-TtrpC, Dcdo1::
PACT1-neo). Reinsertion of the SSU1 and CDO1 gene in
AbenSSU1M2B/D and AbenCDO1M1B/C, respectively, were done
with plasmids pAbenSSU1K2 and pAbenCDO1K2 resulting in
AbenSSU1K1B/D (Dssu1::SSU1-TcaACT1-PACT1-neo) and AbenCDO1K1B/C
(Dcdo1::CDO1-TcaACT1-PACT1-neo).
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